We examined the influence of depth on sponge assemblages across three lagoons at Palmyra; a remote atoll situated in the Central Pacific. The atoll is unusual in that it was heavily altered during WWII resulting in an atypical lagoon system. We conducted surveys at both 6-8m and 12-14m at 3 sites at the atoll and recorded sponge densities, area cover and available substrate for the 29 species found at these sites. Multivariate analysis of sponge densities and area cover revealed significant variability in sponge assemblages between both site and depth. Univariate analysis also showed significant differences in area cover between depths, but not between sites. Diversity indices and the average number of species at each site showed an increase in diversity across lagoons from West to East. This study indicates that despite the small size of the atoll, depth is a factor that shapes sponge assemblages at Palmyra Atoll. The heavy alterations to the lagoon, particularly the area near the channel entrance may be influencing the sponge assemblage structure, however, other environmental variables still need to be investigated.
INTRODUCTION
To examine and identify the ecological processes that shape assemblages, species abundance and distribution patterns must first be described. Sponges are an important component of benthic fauna that are highly diverse as well as being an ecologically important invertebrate taxon. Despite their importance, sponges are vastly and notoriously understudied [1, 2] even though on some reefs, sponges can even exceed the species diversity and biomass of the scleractinian corals [3] . Understandably, due to the remoteness of some locations, such as Palmyra Atoll (located in the Central Pacific), accessibility for researchers can seriously limit our understanding of these assemblages. In the case of Palmyra Atoll, it is only through its recent co-ownership by The Nature Conservancy (TNC) and the U.S Fish and Wildlife Service (USFWS) in 2001, that this remote atoll can now be extensively studied. Palmyra is of particular interest to scientists because it remains one of the few 'near pristine' reef systems left in the world [4] .
Palmyra consists of many islets with shallow lagoons surrounded by an extensive reef system. The lagoons were essentially an unaltered system until the Second World War when the U.S. Navy occupied the atoll making major alterations. The work included enlarging the islets, creating an entrance channel for boats, dredging the lagoons and building a central causeway to connect two islets, effectively interrupting the water flow between lagoons [5] ; this would likely have had serious impacts on the marine fauna of the lagoons.
*Address correspondence to this author at the Centre for Marine Environmental and Economic Research, School of Biological Sciences, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand; Tel: 04-463-5109; E-mail: ingrid.knapp@vuw.ac.nz Sponges form an important part of subtidal benthic communities and inhabit most marine ecosystems [6, 7] . The widespread distribution of this phylum is most likely due to a number of adaptive features including efficient suspension feeding capabilities [8, 9] and the ability to regenerate [10, 11] . Depth has long been recognised as a strong influencing factor on marine benthic community structure [12, 13] and therefore an important factor to consider when conducting surveys of new locations to understand assemblage structure.
The atoll system at Palmyra, like the rest of the Line Islands, is unusual in that large macro-invertebrates including sponges are uncommon on the outer reef systems (S. Godwin pers. Obs.) [4] , usually an ecosystem abundant in such fauna e.g. in the Caribbean and the Indo-Pacific [3, 14, 15] . The reef system is considered 'near pristine', however, the lagoon is far from its original state. Lagoons, are generally low current systems and act like sediment 'sinks' and suffer from high levels of sedimentation [16] . Sponges, like many marine invertebrates are suspension feeders and as such obtain oxygen and food in the form of organic carbon from the water column [17] . High levels of sediment may clog the delicate filtering apparatus of sponges [18, 19] . However, they have been commonly documented inhabiting areas of high sedimentation [14, 16, 20] [21, 22] and it is therefore of considerable interest to understand the distribution patterns of sponges within the lagoon system at Palmyra Atoll, particularly as it is an altered environment.
Understanding the diversity and abundance of sponges in the lagoons at Palmyra is also very important from a management perspective because the diversity, distribution and abundance of sponge assemblages is presently unknown, despite sponges appearing to be the dominant fauna of the lagoon environment. The lagoons at Palmyra are densely populated with sponges, however, little is known of their potential impact on the surrounding ecosystem or whether they are even native to Palmyra or were introduced during military occupation. Furthermore, another important reason to survey and study the sponges at Palmyra is that the lagoons are very shallow in places; areas of low water flow and the high sponge biomass could potentially remove large quantities of nutrients and oxygen from the water column [23, 24] . Therefore, changes in sponge assemblages have the potential to affect the environment and organisms in the lagoons and even the reef as the water flows out across the reef systems [25] .
The aim of this study is to determine the effect of depth on sponge assemblages at three different sites in the lagoon system at Palmyra Atoll. We quantified the sponge species density, cover, diversity and evenness, relative to the available boulder substrate at these different sites and depths.
METHODS AND MATERIALS

Study Site
Palmyra Atoll is located at the North-western end of the Line Islands (5°53'N, 162°05'W), 1930 km south of Hawaii ( 
Sampling Design
Surveys were conducted using SCUBA within the lagoons at Palmyra Atoll (See Fig. 1 ) between June to July and October to November 2008. Sponge assemblages were sampled at three sites across the three main lagoons at shallow (6-8m) and deep (12-14m) water sites. Fig. (1) indicates the location of the sites within the three lagoons. Site 1 is located in the Western lagoon adjacent to Strawn Island (05° 53'.318''N, 162° 05'.860''W). Site 2 is in the Central lagoon on the south west side of the North-South causeway (05° 53'.246''N, 162° 03'.880''W) and site 3 is north east of the Eastern lagoon just south of Aviation Island (see [5] for all island names); from here on each site is referred to by the name of the lagoon in which it is found, although it is not necessarily considered to represent the lagoon as a whole. The sites are characterised as having sandy slopes (40-50°) with small boulders generally < 1 m with negligible current flow rates (<0.05 cm 2 sec -1 ) and low boulder disturbance levels.
At each of the three sites, 10 x 1m 2 quadrats (divided into 20 x 20 cm sub-sections) were haphazardly placed over clusters of boulders and surveyed by counting the number of individual sponge patches (sponge density) and estimating the percentage area covered and available substrata for each species per sub-section. Sponge density and cover values were then adjusted to the total amount of available substrate to provide sponge abundance data per m 2 of available substrate. Each species was given a number ID based on preliminary laboratory analysis (although these species have been distinguished they have not currently been identified).
Statistical Analyses
To characterise sponge assemblages, and compare them between sites and depths a number of indices were calculated including: number of species (S); Hill's numbers N1 and N2 and the modified Hill's ratio (N21') [26] . The Hill's N1 and Hill's N2 assess species diversity by examining the influence of rare and dominant species on assemblage structure, respectively. The modified Hill's ratio examines species equitability (evenness).
Spatial patterns of sponge densities and area occupied across the factors 'sites' and 'depths' were examined using a 2 factor nested permutational multivariate analysis of variance (PERMANOVA) with 9999 permutations [27] based on a zero-adjusted Bray-Curtis similarity matrix. The nature of the nested design used in the PERMANOVA test means any significant difference between depths is strictly relative to the sites within which they are nested. Site was a random factor (3 levels) with depth a fixed factor (2 levels) nested within sites. Pairwise post hoc tests were also carried out on significant factors from the main test. Univariate analyses of sponge densities and area covered at the different sites and depths were also conducted using PERMANOVA. All data was transformed using the dispersion weighting pretreatment, which negates the effect of spatial clustering [28] , a characteristic of phyla (such as sponges) where species are known to reproduce asexually through budding, fragmentation and gemmule formation [29] . All analyses were conducted using the PRIMER v6 statistical package [26] in combination with the PERMANOVA+ add-on package [30] .
RESULTS
A total of 29 distinct species were identified across all sites and depths; 15 species were found at both depths at the Western lagoon site, 19 species were found at Eastern lagoon site at both depths, while 15 species were found at the shallow site and 19 at the deep site at the Central lagoon site. Despite the similarity in the total number of species between sites and depths, assemblage composition differed considerably. The mean sponge densities (± SE) are shown in Fig.  (2) and range from 37 (±5.9) (Western-deep) to 72 (±13.7) (Eastern-shallow) sponges m -2 , with a mean of 51 (±9.6) sponges m -2 across all three sites. The mean average sponge percentage cover across all sites was 15.2% (±2.8) with a range of 10.6% (±1.8) (Western-deep) to 20.8% (±1.9) (Western-shallow). Analysing sponge densities with a PERMANOVA test showed no significant differences between sites or depths (pseudo-F= 2.19; p= 0.07, pseudo-F= 2.09; p= 0.06 respectively). Sponge percentage cover also showed no significant difference between sites (pseudo-F= 1.31, p=0.26), but there was a significant difference between depths (p<0.05). Fig. (2) shows that the Western lagoon site had the lowest mean number of species (S=7-8), and the Eastern lagoon site had the highest number of species (S=9-12), while the central lagoon had S=8-10. The Hill indices N1, N2 and the modified ratio N21' in Fig. (2) indicate similar diversity patterns amongst sites and depths. The Western lagoon site (shallow and deep water sampling locations) had the lowest diversity and the Eastern lagoon site (shallow and deep sampling locations) the highest.
Sponge assemblages were significantly different between the 2 factors, 'site' and 'depth' when analysing both sponge counts and area cover (PERMANOVA, p<0.001). Furthermore, PERMANOVA pairwise comparisons also found significant (p<0.001) differences between all sites and depths.
DISCUSSION AND CONCLUSION
The total number of species was similar at all sites, but sponge assemblages were significantly different between all sites and all depths (with depths nested within sites) across the lagoon system at Palmyra Atoll. We found no significant difference for univariate analyses of sponge densities, but we did find a significant difference between depth and area occupied. The average number of species along with the species diversity indices; N1, N2 and the modified ratio N21', indicate an increase in species numbers and diversity from the Western to Eastern lagoon sites.
Sponge assemblages vary considerably across environmental gradients [21, [31] [32] [33] , therefore it is unsurprising that this study has shown differences in assemblage structure and area occupied with changes in depth even on a local-scale across lagoons in an atoll 6 km long. Previous studies have shown that sponge species distribution and abundance often vary on small spatial scales [6, 29, 31] . The explanation for the variability in assemblage structure with depth in our study is, however, unlikely to be a simply result of depth, but the result of a combination of environmental factors which co-vary with depth [32] . Site-specific ecological processes that may account for the sponge assemblage structure identified in our study include; light attenuation [22] , water flow regime [6] , temperature [34] and oxygen concentrations [35] .
Species diversity indices and species number averages indicate an increase in diversity (low to high) across the atoll from West to East. Historically, and more recently, the Western lagoon was the location of the highest levels of anthropogenic disturbance particularly during WWII [5] . The work included extensive dredging, increasing the land mass of the islets and excavating the channel through which large vessels could enter the lagoon and make safe passage to the nearby wharf (just 100m from the Western lagoon site). Habitats subject to dredging are heavily altered, removing complexity and available substrate [36, 37] . Impacts on the macrobenthos is also well documented [38, 39] . Dredging causes changes in species composition, diversity, richness [39] [40] [41] and potential permanent faunal changes [40] , sometimes even resulting in complete phase shifts [42] . We suggest that the relatively higher level of disturbance at the Western lagoon has potentially lead to a site, with reduced available substrate and created conditions which is habitable by fewer species, since it has the lowest diversity, density and average number of species. The Western lagoon site, however, has the highest sponge area cover (per m 2 available substrate), which suggests that those species able to deal with the conditions in this environment have proliferated. Environmental factors, as mentioned above, may also provide a further insight into the diversity distribution of sponges across the lagoons and will be investigated in the future.
Diving restrictions at Palmyra (given it is a very remote site) limit deeper surveys, however, we have found that where there is available substrate in the lagoon at shallow depths there are abundant sponge assemblages. Therefore, we have no reason to believe this is not the case in deep waters, however, the deepest parts of the lagoons extend down to 50m and are therefore unlikely to support sponges as the waters here become anoxic (pers. comm. John Collen & Jonathan Gardner). This raises an interesting question as to the impact these abundant sponge assemblages may be having directly, as competitors, or indirectly through their efficient water filtration capabilities on other organisms. The ability of sponges to filter large quantities of water [9] has the potential to affect oxygen and nutrient levels in the lagoon, potentially influencing water quality as it leaves the lagoon and flows on to the surrounding reef. Future work will focus on broader-scale surveys of the sponge assemblages in the lagoons at Palmyra, the influence of environmental variables on distribution and the presence of sponges before the alterations.
